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Revenues [$]
Re [4] proposed a lumped parameter approach 55 considering three regions (i.e. the subcooled, the boiling and the superheater region) with movable 56 boundaries, while in Ref [5] the Authors refined the discretization to get a 1D finite volume approach 57 [6] . However, only a few studies [7] , considered the natural circulation on the coolant side, with a 58 design close to the submerged steam generator proposed by ENEA. Furthermore, literature is rich in 59 thermocline TES model. For instance, Yang and Garimella [8] investigated the performance of a 60 molten salts thermocline tank filled with quartzite rock through a 2D axial-symmetric finite volume 61 model; they show that the discharge efficiency raises for tanks with a high aspect ratio and operated 62 at small Reynolds number. Strasser et al.
[9] adopted a similar approach to show that the cycle 63 efficiency can be further enhanced with a structured concrete network instead of conventional packed 64 bed material. The use of latent heat storage in CSP has also been studied in great details: 139 is treated with selective coating to obtain a high absorptance in the solar energy spectrum, and low 140 emittance in the infrared (i.e. 95% and 7.3% respectively from manufacturer specifications). The 141 glass envelope (125 mm in diameter) is made of Pyrex and guarantees a transmittance higher than 96 142 % in the full range of operating temperatures. The annulus space between the absorber and the glass 143 envelope is under vacuum (1 x 10 -4 mbar) to reduce thermal losses.
144 In the present work, the analytical equations of Ref.
[24] are used for the solar position and the optical 145 model of the receiver while a more detailed approach is followed for the thermal model of the receiver 146 tube. A quasi 1D model is implemented: the receiver is discretized along the axial direction and, for 147 each of the finite volume, a thermal balance is written considering non-advective heat transfer (i.e.
148 conduction and radiation) only in the radial direction. This approach is widely used for the simulation 149 of thermal systems of this type [24, 25] 150 Specifically, the formulation presented in Ref.
[25] is considered: assuming steady-state and for a 151 negligible change in potential energy we can write:
is the radiative power effectively transferred to the heat transfer fluid and can be calculated as:
155 In steady-state conditions, the concentrated radiation absorbed on the surface of the absorber tube can 156 be either transmitted to the heat transfer fluid or rejected towards the environment. In the first case, 157 we have a series of the following thermal resistances (Fig. 2) 
158
 Conduction from the outer surface of the absorber tube to the inner surface of the absorber 159 tube 160  Convection from the inner surface of the absorber tube the heat transfer fluid 161 In the second case, the thermal power path is the following ( 236 The heat transfer rate exchanged in the j-th volume is hence calculated as follows:
238 The temperature profiles on the water and molten salts side are then calculated according to an upwind 239 scheme. For the economizer and superheater sections we write:
In the evaporating section, the water temperature is always equal to the saturation temperature and 242 we monitor the evolution of the vapor fraction 
251
( 15) 252 As far as the modeling of the stratification in the TES is concerned, we consider the Reynolds-253 averaged version of the turbulent Navier-Stokes equations. Mathematically:
257 where is the tensor of viscous stresses, is the tensor of shear stresses and H is the total 258 enthalpy. Closure of the turbulent equations is provided through a model. 320 In summary, the electrical power output can be written as: 
The correction factor ranges from 0 to 1, at the beginning and at the end of the startup process 328 respectively, and increases quadratically in time. It can be calculated with:
In the framework of this paper, is set to one hour.
331 The condenser considered in the present work is a shell-and-tube heat exchanger as the one described 332 in Ref. [38] . Its axial coordinate is discretized and in each of the volume considered, the thermal 333 power is calculated by means of an energy balance.
334 The global heat transfer coefficient is determined as follows [38]:
Here, is the fouling factor, is the diameter, is the tube thickness, is the tube conductivity ℎ 337 and is the heat transfer coefficient. Subscripts and apply for internal and external side of the 338 tube respectively.
is the mean diameter calculated as follows:
Moving to the feedwater pump, the approach followed is the one of Pelster [39] , where the power 341 consumption of the device is calculated with: 355 The modular design is a single-objective optimization of the system configuration in order to 356 minimize the Levelized Cost of Electricity. In this case, we fix the size of the plant to 1 MW e , which 357 should fit many mid-size industrial users and we consider the system to be located in Rome. As far 358 as cogeneration is concerned, since the objective of this case is to quantify the maximum economic 359 advantages that cogeneration can bring, we consider an ideal thermal load where waste heat is always 360 fully utilized to satisfy heating and cooling needs.
361 On the other hand, the tailored design is a double objective optimization built to minimize the payback 362 time and to maximize the fraction of user's heating and cooling load satisfied by the solar system, i.e.
363 the Thermal Load Capacity Factor (TLCF). Hence, in this case, we consider both a real thermal load 366 completely satisfied by a simple natural gas boiler while cooling is obtained through a hybrid system 367 where vapor compression chillers are used for base load and gas absorption chillers are used for peak 368 shaving and security of supply. The absorption machines are single-effect water-LiBr chillers. Their 369 operation is modeled with a constant COP of 60 %, as suggested in [23] for this type of machines.
370 Since the cooling system is already in place and its installation is rather recent (dated 2013), we do 371 not account for it in our economic analysis.
372 The fraction of the building thermal load satisfied through natural gas is monitored through hourly 373 readings of the meter. 390 In this paper, we use the parallel implementation of the GA of the MATLAB Optimization Toolbox 391 with a total of 10 decision variables (summarized in Table 1 ) and a population size of 50 individuals.
392 The initial population is randomly generated in the feasible region.
393 Convergence is considered reached when the average L 2 norm step in the normalized objective(s) 394 space drops below 1e-2. This happened after a total of 52 and 62 generations for the 1 st and 2 nd case 395 respectively.
396 The design variables are selected to enhance freedom in the design of the most relevant power plant 397 components, i.e. the TES, the power block, the solar field, the steam generator and the waste heat 399 Starting from the TES, the number of storage hours NH is an intuitive representation of the storage 400 tank size. This value is the number of hours of continuous nominal operation that could be guaranteed 401 to the power block during an ideal discharge process, i.e. starting from the tank fully charged at the 402 maximum temperature and assuming no mixing or diffusion during the discharge. The aspect ratio of 403 the tank is defined as the ratio of the tank diameter D to the tank height H and its choice is the trade-404 off between two competing phenomena: a large tank aspect ratio brings a small average Reynolds 405 number of the molten salts during the charging and discharging phase which reduces thermocline 406 degradation due to turbulence effects. On the other hand, a small tank aspect ratio, although reducing 407 the area of contact with the cold and the hot fluid, brings more turbulent degradation.
408 We chose the design turbine power P e as the representative variable for the power block. Once P e is 409 set, the remaining power block components are sized according to the design thermodynamic cycle 410 obtainable through the assumptions outlined in Section 2.2.
411 Moving to the solar field, the solar multiple (SM) is defined as the ratio of the total mirror area to the 412 "exact mirror area". This last quantity is the solar field aperture area required to deliver to the power 413 cycle the thermal power needed to operate the turbine in nominal conditions. Besides the total area, 414 the optimal number of collectors per string n coll should also be carefully identified: this design variable 
474
(30) 475 where the second equality sign holds only in case of complete sale of the plant waste heat on 476 the market, i.e. case 1. We set the thermal efficiency of the typical natural gas boiler to 
479
 R y,electricity accounts for the revenues from the electricity market and it is calculated as:
Where is the price at which electricity is sold in the italian power market, which is Table 3 presents the optimized design specifications for Case 1. The optimal design presents a high 496 value of solar multiple and storage tank size in order to increase the capacity factor of the steam 497 turbine. However, the optimal storage tank size and solar multiple are far from the upper bound set 498 for the optimization routine. This means that an optimum is present in the range considered and that 499 the marginal cost of adding storage capacity and more mirrors to the solar field does not pay off.
500 On the other hand, the number of collectors per string is maximum which means that increasing the 501 length of the single string results in a higher annual yield of the solar field.
502 The height of the steam generator and the number of tubes selected are in close agreement with the 503 preliminary design proposed by the manufacturer for the European Project OPTS. Finally, the optimal 504 tracking axis orientation found is N-S which brings an 11% increase in the annual electricity yield of 505 the unit square meter compared with E-W orientation.
506 The main annual energy flows and first-law efficiencies are summarized in Table 4 . The proposed 507 system in the optimized configuration generates 3864 MWh of electricity per year, which results in a 508 capacity factor of the power block of 38.6 %.
509 The second-law analysis of the system in the optimized configuration is conducted to identify the 510 most critical components. A summary is presented in Table 5 while a representation of the exergy 511 streams in the CSP plant is given in Figure 10 546 The CAPital Expenditures (CAPEX) and LEC breakdown are represented in the pie charts of Figure   547 11. The cost of the solar field is still the major contributor to the total power plant investment cost 548 accounting for 54 % of the total. The second largest item in the plant's owner expenditures list is the 549 power block, which accounts for 15% of the total cost. Finally, the storage tank represents only 10 % 550 of the total cost in the optimized configuration. The other pie chart represents the Levelized Electricity 551 Cost breakdown where also the revenues generated from the heat sold on the market are included. In 552 this way, it is possible to notice that cogeneration has the potential to decrease the specific cost of 553 electricity of 28 % and this option is thus crucial for the economic viability of small CSP systems. 566 The design specifications and the techno-economic performance of the system in the two selected 567 points are summarized in Table 6 . The first issue to notice is that in both points the tracking axis is 568 selected to be East-West oriented. It is well known that this orientation choice guarantees a steadier 569 output throughout the year compared to the N-S counterpart at the price of a lower yearly energy 570 yield. However, we found that the N-S orientation results in a high amount of thermal energy wasted 571 during summer months due to a solar generation that largely exceeds the demand.
572 The optimal combination of solar multiple, molten salts storage tank size and nominal power of the 573 steam turbine is very interesting. It is found, in fact, that is more convenient to buy a large steam 574 turbine coupled with a small tank at the cost of a low capacity factor rather than investing in a big 575 storage tank. On the other hand, there are no appreciable differences in the steam generator design 576 between the two Pareto points which confirms the observations of the previous optimization run. The 577 design of point 2 gives a total efficiency decrease of 2 %. The electrical capacity factor of the power 578 block is very similar in the two points and differences in the total electricity generation are mainly 579 due to a slight difference in the nominal steam turbine power selected for the optimal design. 580 The total investment cost of the design in Point 2 is roughly 3.5 M$ higher than the one in point 1.
581 The difference comes mainly from the solar field cost, from the molten salts storage tank cost and 582 from the water tank cost. The total cost breakdown in the two points is depicted in Figure 13 . The 583 relative investment in storage technologies, i.e. water tank and Molten Salts storage tank is nearly 10 584 % higher for Point 2 than for point 1. A larger portion than expected is attributed to the purchase of 585 the hot water storage.
586 In order to investigate more in details the trends behind the solution found, the system is simulated 588 vary between 1000 kW and 3000 kW with steps of 400 kW, while the tank storage size is allowed to 589 vary between 2 and 18 hours with steps of 4 hours for a total of 20 design points analyzed. The size 590 of the solar field, in terms of mirror area is fixed to 28000 , as obtained for the design of Point 1. 
